Introduction
[2] Although most greenhouse gases are fairly uniformly distributed around the globe, the climate responses to the greenhouse-gas forcing are quite spatially inhomogeneous, because internal dynamical processes play an indispensable role in addition to radiative and thermo-dynamical processes. There are several robust atmospheric response patterns attributable to global warming [Cubasch et al., 2001] . For example, the warming is larger in the polar region, the so-called "Arctic amplification" [Polyakov et al., 2002; Graversen et al., 2008; Serreze and Francis, 2006] . Moreover, a polar moistening, a process during which the hydrological cycle is enhanced in the polar region, is also apparent in observations and climate model simulations [Peterson et al., 2002 [Peterson et al., , 2006 Min et al., 2008] . The polar warming and moistening are important for climate changes because associated enhancement of sea-ice melting and freshwater inflow to the Arctic ocean plays a critical role in controlling the deep convection and ocean meridional circulation, which in turn affect the global climate. However, the underlying dynamics for the polar warming and moistening are not yet clear.
[3] Most climate models project robust changes in atmospheric temperature and circulation under global warming. For instance, the low tropospheric warming is larger in the high latitudes and polar regions. In particular, the temperature amplification over the Artic is distinguishable. The surface albedo feedback with reduction of the snow and sea-ice cover may play a role in producing polar amplification in the lowermost part of the atmosphere [Holland and Bitz, 2003] . However, this polar warming is also clear in uppermost part of the atmosphere during the seasons when the surface albedo feedback is not directly relevant. Thus, it has been suggested that a significant portion of the warming comes from the atmospheric transport [Moritz et al., 2002; Alexeev et al., 2005; Cai, 2006; Cai and Lu, 2007; Graversen et al., 2008] . Though the previous studies emphasized a role of the meridional atmospheric transport which includes various circulation components such as zonal mean overturning flow, stationary eddies and transient eddies, it is still unsolved problem what dynamical process leads to the poleward heat transport into the polar regions. In this study, we suggest here that two-way interaction between jet stream and synoptic eddies plays a critical role in the poleward heat transport.
[4] It is recognized that two-way interaction between synoptic eddies and low-frequency flow plays an important role in the formation of the low-frequency climate modes [Lau, 1988] . Recently, based on the theoretical framework of Jin et al. [2006a Jin et al. [ , 2006b , Kug and Jin [2009] and Kug et al. [2010a] showed that the synoptic eddy fluxes preferentially tend to the left-hand side of the low-frequency flow so that the eddy reinforces the low-frequency flow. They refer to this as the "left-hand rule". These studies revealed that the eddy fluxes and their resultant feedback onto low-frequency flow can be explained by the simple and general rule. Since the left-hand rule is fundamental to internal atmospheric dynamics, this notion can be applied to climate change response. In this case, synoptic eddy feedback will play a significant role in climate change responses, which can be described by a simple rule. In this study, we will show a role of synoptic eddies in the climate response to the greenhouse warming using the notion of the left-hand rule. In particular, we will focus on the polar climate changes, and the associated synoptic eddy feedback.
Data
[5] In this study, two 30-yr time-slice experiments are performed for the present and the future (2071-2100) climate with a high resolution AGCM, ECHAM4 T106L19. The present model has a higher resolution than those of models participating IPCC AR4 (4th Assessment Report) simulations. A detailed description of ECHAM4 is given by Roeckner et al. [1996] . In these time-slice experiments, the atmosphere was forced by sea surface temperature (SST) and sea ice which were obtained from the ECHO-G simulations [Min et al., 2005] based on the IPCC SRES 20C3M and A1B scenarios, respectively. The CO 2 concen-tration in the present climate run is prescribed by the observed historical CO 2 concentrations for 1971-2000, and that for the future climate run is prescribed by CO 2 concentrations based on the IPCC SRES A1B scenario. Note that the simulated model results reflect not only effect of anthropogenic radiative forcing due to CO2 concentration increase but also effect of the prescribed SST forcing because the SST boundary condition for the future climate simulation is obtained from the Coupled GCM simulation with the increased CO2 concentration. However, Lu and Cai [2010] showed using an idealized coupled GCM experiment that the CO2 forcing and resultant water vapor forcing, rather than SST forcing, mainly contribute to the poleward atmospheric transport, which will be emphasized in the present study.
[6] To separate the synoptic-eddy component, the dailymean zonal and meridional winds are band-pass filtered over the period of 2-12 days. In this study, the low-frequency is defined as a seasonal mean. To measure the feedback of the synoptic eddies onto low-frequency flow, the eddy-vorticity, eddy-temperature, and eddy-moisture fluxes are calculated based on the band-pass filtered zonal wind, meridional wind, vorticity, temperature, and specific humidity. Because only the divergent component of the eddy fluxes can influence the low-frequency flow, the divergent component of the eddy fluxes is the focus of this study.
Results
[7] One of the robust changes in atmospheric circulation simulated by many climate models is a poleward shift of jet stream [Lorenz and Deweaver, 2007] . This poleward shift indicates that the westerlies increase on poleward side and decrease on equatorward of the jet stream. These changes with a dipole structure appear in the whole troposphere, indicating an equivalent barotropic structure. It is also notable that the changes are quite symmetric in both hemispheres, suggesting that internal dynamical processes of the atmosphere are fundamental to understanding the poleward shift of jet stream as a response to climate change, regardless of the land-sea distribution and topography.
[8] The change in jet stream position is closely related to the change in storm activity, measured by kinetic energy of band-pass filtered wind over 2-12 days (Figure 1b) . Climatologically, the storms are the most energetic at the slightly poleward part of the jet stream in both hemispheres where the baroclinic instability is the largest. As the jet stream moves poleward in response to the greenhouse warming, the storms become more energetic in high latitudes and less energetic in middle latitudes. It is also clear that the enhancement of the storm activity occurs in upper troposphere [Yin, 2005] .
[9] There is a two-way interaction between low-frequency flow and synoptic eddies in the extra-tropics [Lau, 1988] . The low-frequency flow modulates synoptic eddies by altering the background state, and then the eddy feedback plays a role in reinforcing the low-frequency flow. It was recently shown that the nonlinear interaction between low-frequency flow and synoptic eddies can be explained by a simple and general rule, referred as the "left-hand rule," which is based on a theoretical framework [Kug and Jin, 2009] . The rule says low-frequency anomalies systematically stir and deform the weather storms so that the net anomalies in their vorticity fluxes are directly preferentially about 90 degrees towards their left-hand side. Therefore, the vorticity fluxes converge into a low-frequency cyclonic flow and diverge from a lowfrequency anticyclonic flow, indicating that the vorticity convergence/divergence by the synoptic eddies reinforces the low-frequency flow. Therefore, the synoptic eddies play a positive role in maintaining and prolonging low-frequency flow under chaotic atmosphere. As the vorticity fluxes, it is revealed recently that the temperature and moisture fluxes due to storm activity are also preferentially about 90 degrees toward the left hand side of the low-frequency flow in the northern hemisphere [Kug et al., 2010a] .
[10] The observational evidences for the left-hand rule are abundant [Kug and Jin, 2009; Kug et al., 2010a] . For instance, it has been shown that the monthly-mean zonal wind anomaly is positively correlated with the anomalous meridional eddy-vorticity, -temperature, and -moisture fluxes by storms, and that the meridional wind is negatively correlated with zonal eddy fluxes [Kug and Jin, 2009; Kug et al., 2010a Kug et al., , 2010b . We found the present climate models also simulate well the observed general relationship between lowfrequency flow and synoptic eddy fluxes. In particular, the anomalous meridional eddy-vorticity, eddy-temperature, and eddy-moisture fluxes are positively correlated to the anomalous zonal wind in the interannual time scale as shown in Figure 2 . Note that these positive correlation coefficients are particularly high near the polar region.
[11] So far, this simple rule for the synoptic eddies was developed from interannual climate variation. Here, it is shown that the rule can be applied to understand the climate response to the greenhouse-gas forcing, which is much longer time scale. Figure 3 shows clear evidences that the two-way interaction between mean flow and weather storm can be delineated by the simple rule. Consistent with Figure 1a , there is a distinctive dipole structure of zonal wind corresponding to the poleward shift of the jet stream. The westerly wind increases in high latitudes and decreases in middle latitudes. It is striking that the eddy-vorticity, eddy-temperature, and eddy-moisture fluxes exhibit poleward under the anomalous westerlies, and equatorward under the anomalous easterlies, clearly indicating that the left-hand rule is working at the time scale of the climate change. Thus, to a large extent there are poleward eddy fluxes in high latitudes and equatorward eddy fluxes in middle latitudes. These features are also clearly shown in the southern hemisphere (not shown). Consequently, there is a strong convergence of the vorticity, temperature, and moisture fluxes in the polar region, which will then change polar climate system.
[12] What is the role of the storm-induced polar convergence of the eddy fluxes in the climate response to the greenhouse warming? The strong convergence of the eddyvorticity fluxes leads to a cyclonic tendency, which will strengthen a cyclonic polar vortex. The strengthened cyclonic polar vortex enhances westerly flow in high latitudes, which pulls the jet stream poleward. The shifted jet stream will further enhance the vorticity convergence in the polar region according to the left-hand rule, then the jet stream shift is also further advanced. It is a positive feedback between mean flows and weather storms. This suggests that the atmospheric responses to the global warming can be dynamically controlled by this internal two-way scale interaction.
[13] The convergence of the eddy-temperature fluxes can also directly contribute to dynamical warming in the polar region. We found that the convergence of the synoptic eddy-heat fluxes is the major contributor of net atmospheric heat flux. As shown in Figure 4 , the stationary eddy flux exhibits even divergence, leading to cooling tendency. It is Figure 2 . Correlation between anomalies in zonal wind and (a) meridional eddy-vorticity flux at 300 hPa, (b) meridional eddy-temperature flux at 700 hPa, and (c) eddy-moisture flux at 925 hPa. The correlation is computed by using anomalous fields from the 20C and A1B simulation. remarkable that these eddy-induced temperature fluxes are always poleward over the entire troposphere as the zonal wind anomalies are entirely westerlies, suggesting that the relationship for the eddy-temperature flux and low-frequency zonal wind is valid over the entire troposphere (not shown). The increased convergence of the heat transport enhances downward thermal radition, which eventually lead to polar surface warming [Cai, 2006; Cai and Lu, 2007; Lu and Cai, 2010] . This suggests that the two-way interaction between synoptic eddies and mean flow dynamically contributes to the polar amplification.
[14] Another robust response to the increase of the greenhouse-gas concentration in the observation and climate model simulations is an enhanced precipitation and hydrological cycle over the polar region [Peterson et al., 2002 [Peterson et al., , 2006 Min et al., 2008] . The poleward shift of the jet stream is likely responsible for the enhanced polar hydrological cycle. Firstly, the poleward shift of the jet stream strengthens cyclonic polar vortex, which accompanies moisture convergence by the mean flow in the polar region by surface friction.
In addition to the enhanced moisture convergence by the mean flow, the synoptic eddies transport moisture from middle latitudes to the polar region. Accordingly, the poleward shift of the jet stream leads to strong convergence of the eddy-moisture fluxes as shown in Figure 3c . On the interannual time scale, the moisture convergence by synoptic eddies in the polar region (north of 60°N) is correlated well with the polar precipitation variation with a correlation of about 0.64, indicating that they have a close dynamical linkage [Kug et al., 2010b] . It also implies that the moisture convergence induced by weather storms positively contributes to the enhanced polar precipitation under the greenhouse warming.
[15] In order to qualitatively estimate a contribution of the moisture convergence due to weather storms, moisture convergence is vertically integrated and compared to the precipitation increase in the polar region. As shown in Figure 4c , the eddy-moisture convergence has a considerable portion (about 20%) in explaining the annual mean in precipitations over the polar region. In particular, during the boreal summer, the ratio is conspicuously larger (about 33%). It is verified that this ratio is five times larger than that of the stationary waves. In fact, the actual contribution of the weather storms to the mean precipitation increase will be clearly larger since the precipitation process is accompanied by an upward motion, which brings in low-level moisture convergence again. This is to say, once the eddy-induced moisture convergence triggers the precipitation increase, and it will lead to additional mean moisture convergence and reinforce the precipitation increase again. Therefore, the eddy-induced precipitation can accelerate the hydrological cycle further. We also found that to a large extent, the role of the synoptic eddy feedback is symmetric in the Artic and Antarctic regions, because the eddy feedback is dynamically controlled by the mean circulation change.
Summary and Discussion
[16] The two-way interaction between low-frequency flow and synoptic eddies is a predominant process in generating internal climate variability over the extra-tropics. Although the individual nonlinear interactions between the two phenomena with different time scales are complicated, it is promising that the stochastic synoptic eddy feedback can be delineated by a simple rule such as the left-hand rule. This study shows that this synoptic eddy feedback can be a key player of the polar warming and moistening in response to the greenhouse warming under the increase of the greenhousegas emissions. Though we have focused on the polar climate changes in the present study, the synoptic eddies will play a critical role in the extratropical climate responses to the greenhouse warming. In this regard, the simple rule can be useful to diagnose the extratropical climate responses and the associated eddy feedback. 
